Abstract Effects of catecholamines on K-related membrane currents in the bullfrog atrial muscle were studied under voltage clamp using the double sucrose-gap technique. Isoproterenol (10-8l0_6 M) and norepinephrine (5 x 10-6-10-5 M) induced an outward shift of the basal current level and enhanced both the background current (Ib) for hyperpolarization and the instantaneous outward current for depolarization. There was an augmentation of the slow inward current (Isi) and the delayed outward current (Ij.
The action of catecholamines on the Ca inward current ('Ca) in cardiac tissues has been investigated in detail, as far as single Ca channels are concerned (REUTER et al., 1982; REUTER, 1983) . With regard to the actions on K-related currents, some problems have remained unsolved. The hyperpolarization induced by j3-agonists was attributed to an enhancement of Na-K pump activity (TRAUTWEIN and SCHMIDT, 1960; AKASU et al., 1977) . But, BOYDEN et al. (1983) noted direct action of j3-agonists on permeability of potassium in the canine coronary sinus, and GADSBY (1983) reported similar findings in the case of Purkinje fibers. j3-Agonists are also considered to enhance the outward current (lout) through an increase in the slow inward current (Isi) in view of the Ca activated outward current (SIEGELBAUM et a1.,1977; SIEGELBAUM and TSIEN, 1980; GoTo et al., 1982 GoTo et al., , 1983 URATA and GoTo, 1982) . However, NOMA et al. (1980) observed an augmentation of 'out by epinephrine in the presence of D-600. HIND (1982) and KASS and WIEGERS (1982) also found an augmentation of Iout by jS-agonists in the presence of slow channel blockers, and ruled out the participation of Isi in 'out. Reported here are the effects of j3-agonists on K-related currents in the frog atrium. 43-Agonists are shown to augment the background K current (Ik,) with anomalous rectification and enhance the lout through two different mechanisms, one of which is related to the increase of Isi. These findings clearly support the presence of Ca-dependent outward current in the atrial muscle.
METHODS
1. Experimental procedures. Atrial muscle bundles were obtained from the bullfrog (Rana catesbeiana), using approaches similar to those already reported , and the apparatuses and electrical circuits were also identical to those described in the aforementioned report. Membrane potentials and currents were measured using the double sucrose-gap technique with rubber diaphragms.
2. Preparations and chamber. Thin muscle bundles of 0.4-0.5 mm in width and 5--6 mm in length running in parallel were isolated from the left atrium, and the epicardium was removed under a binocular microscope (120 x). These muscle bundles were mounted in a five compartment chamber. The central compartment (0.3-0.5 mm width) was perfused with normal or test solutions, the left and right intermediate compartments (1.0 mm width) with isotonic sucrose solution (250.5 mM), and the terminal compartments (10 x 5 mm pools) with isotonic KCl solution (127 mM).
3. Solution. The normal Ringer solution used was of the following composition (in mM); NaCI 110.0, KC12.5, CaC12 1.0, NaHCd3 2.34, glucose 20.0, and pH was 7.4. Throughout the experiments, tetrodotoxin (TTX) was used at a concentration of 1.5 x 10-6 M to block the fast Na inward current. Ba (0.3 mM) was used to block Ik,, and Co (1.0-1.5 mM) was used to block Iii. Isoproterenol (L-isoproterenol hydrochloride, Sigma) and norepinephrine (norepinephrine hydrochloride, Sankyo) were simply added to the solutions immediately before each experiment. 4. Experiments and recording. All experiments were performed at a constant temperature (17+0.5°C). The muscle in the test compartment was usually driven at 0.1 Hz with square wave pulses (5-10 msec, about twice the threshold voltage), and was equilibrated in normal Ringer solution for about 1 hr before changing to test solutions. The membrane potential, current, and contractile tension were monitored on a triple beam oscilloscope (Nihon Kohden, VC-9), photographed with a long recording camera (Nikon Kohden, PC-2B), and simultaneously recorded on a four-channel rectified pen recorder (Nihon Kohden, PMP 3004).
5. Voltage clamp experiments. The membrane potential was clamped by using a voltage clamp feedback amplifier (Nihon Kohden, CEZ 1100). The potential was usually held at the resting gap potential or at a slightly hyperpolarized state up to 10 mV (-80 to -90 mV, and -50 to -75 mV in the presence of Ba), and small depolarizing pulses (60 mV, 200 msec) were applied at basic intervals of 20 sec.
In order to determine the current-voltage relationship, a long hyperpolarizing and depolarizing pulse of 2.0-4.0 sec and different voltages were applied at a constant interval of 60-90 sec. To determine the time and voltage dependency of activation of the delayed outward current (Ii), the two-step clamp pulse method was used . Briefly, for the determination of time dependency, the first step pulse was a conditioning depolarization over 100 mV from the holding potential and of different durations (0.2-3.3 sec), and for that of the voltage dependency, the first step was a depolarizing pulse of constant duration (2.0 sec) and of different amplitudes (10-130 mV). The second step pulse was a steady 30-40 mV depolarization in these cases, but a 0-25 mV depolarization was used in case of Ba Ringer. The voltage of the second step was well below the threshold of Ig but well above the reversal potential. The amplitude of the tail current was measured from the current level for the second step pulse.
RESULTS

Effects of j3-agonists on the membrane currents
General effects of norepinephrine and a typical 8-agonist, isoproterenol, on the membrane currents were re-examined and the effects on the voltage-current relationships were determined. Figure 1 shows an example of records before (A, A') and after introduction (B, B') of norepinephrine (10-5 M) in the constant presence of TTX (1.5 x 10-6 M). In comparison with the control, norepinephrine elicited an outward shift of the holding current level for the same holding potential (-90 mV). For hyperpolarizing pulses (Fig. 1B') , the inward background current (4) was increased, increasing the anomalous rectification. The current decay, possibly due to K depletion, was also enhanced. For depolarizing pulses (Fig. 1B) , a marked augmentation of the slow inward current (I,,) and the net outward current {the instantaneous outward current (Ik,)+the delayed outward current (Ig)} was produced, and the tension was also increased. Figure 2A shows the voltage-current relationships obtained from similar experiments. The outward shift of the holding current level corresponds to the hyperpolarization of the resting potential under unclamped conditions. The actual cause of the hyperpolarization induced by jS-agonists is a matter of dispute (see DISCUSSION), although the reasons for the augmentation of ISO are better understood.
The effects of isoproterenol on the Ib at low voltage range were further investigated in the constant presence of Co and Ba (Fig. 2B ). Co (10_3 M) was used to eliminate the influence of ISL. Ba in a concentration of 5 x 10_5 M was applied, because the effects of isoproterenol were prominent when the permeability of potassium was slightly depressed. Under these conditions, the voltage current relation in the control was rather linear, as the anomalous rectification was diminished by Ba. When isoproterenol was applied in increasing concentrations, the outward shift of holding current level was increased and the inward and outward Ib were enhanced in a dose-dependent manner. The membrane conductance thus increased and the related curves crossed at about -96 mV, close to the K equilibrium potential, Ek (WALKER and LADLE, 1973) . Those results strongly indicate that -agonists increase the permeability of potassium.
Japanese Journal of Physiology Depolarizing and hyperpolarizing pulses of 2.0 sec duration were applied at 60 sec intervals and 10 mV steps from a holding potential of -90 mV, and the membrane voltage (V), current (I), and tension (T) were recorded simultaneously.
Note an outward shift of the holding current level and augmentations of the slow inward and outward currents for depolarizations, and an increase of the background current for hyperpolarizations.
Vertical calibrations are 100 mV, 0.5 µA, and 50 mg, and the horizontal one is 2.0 sec.
The effects of R-agonists on the I~ were next analysed by measuring tail currents, as these make an accurate description of the time and voltage dependency of the ionic current feasible Figure 3 shows the time course of activation of I, in the absence (A) and presence (B) of isoproterenol (10_7 M). In comparison with the control, the steady outward current for the second step depolarization (mostly Ik,) increased in the presence of isoproterenol. The tail current of Ig developed more rapidly with increasing duration of the first step pulse, and the maximal amplitude attained was larger than the control. The lower graph ( Fig. 3C ) illustrates the mean of the three experiments in which amplitudes of the tail were plotted as a function of the duration of the first step pulse. As seen, the rate of activation of I, was more rapid and the time to the fully activated state was shorter in the presence of isoproterenol, as compared to findings in the control. For test pulses longer than 2.8 sec, the amplitude of the tail tended to decline, especially in the presence of isoproterenol. Figure 4 shows the voltage dependency of activation of I. before (A) and after application (B) of isoproterenol (10-6 M). Again, an increase of the steady outward current (Ikl) for the second step voltage and an outward shift of the Vol. 34, No. 3, 1984 Fig. 2. A, effects of 10_5 M norepinephrine on the voltage-current relationships in the constant presence of TTX (1.5 x 10-6 M). Experimental conditions were the same as in Fig. 1 . Maximally inward directed current and terminal current levels for depolarizing pulses, and initial current level for hyperpolarizing pulses were plotted. B, the dosedependent effects of isoproterenol (10-8-10-6 M) on the voltage-current relationships at low voltage ranges. TTX (1.5 x 10-6 M), Ba (5 x 10 M), and Co (10_3 M) were present throughout, and the holding potential was -90 mV.
holding current level occurred. For the first step pulses, isoproterenol markedly increased Isi and I. The amplitude of the Is-tail after repolarization was also increased; however, the increase appeared more prominently for the first step pulses of intermediate voltages. The relationships between the amplitude of the tail current and the first step voltage are illustrated in the lower graph (Fig. 4C ) in which the mean of four cases is plotted. Ysoproterenol did not alter the threshold voltage for the activation of I~; rather the voltage shift of the current was negated. The amplitude of Ig was markedly increased again in the intermediate voltages of the depolarization (-20-+ 10 mV), where the slow inward current reached almost maximum. However, the increase was inhibited in case of stronger deJapanese Journal of Physiology Fig. 3 . Effects of isoproterenol on the time dependency of the activation of delayed outward current. TTX (1.5 x 10 M) was constantly present. A, control records; B, records after application of 10 M isoproterenol. A two step clamp method was used, the first step pulses of 100 mV of different durations (0.2-3.3 sec) and the second step pulses of 40 mV, 10.0 sec were applied from the holding potential of -90 mV. The membrane voltage (V) and current (I) were recorded simultaneously.
Note an increase of the instantaneous outward current for the second pulse and an augmentation of the delayed outward current during and after the first step depolarization.
Vertical calibrations are 100 mV and 1.0 yA and the horizontal one is 5.0 sec. C, means of three series of similar experiments. The amplitudes of the tail currents in control solution (0) and in the solution containing 107 M isoproterenol (.) are plotted as function of the duration of the first step pulse.
polarizations. Changes in the kinetics of the activation of I, (Figs. 3 and 4) differ from findings in other reports in which there was no change in the kinetics (BROWN and NOBLE, 1974; PAPPANO and CARMELIET, 1979; KASS and WIEGERS, 1982) . The increased Ib may have affected the actual kinetics of the activation of Ig, since it is known that during a long and strong depolarization, K accumulation occurs in the immediate exterior of the cells and I. decreases . Thus, in the next series of the experiments, Ba (0.1-0.3 mM) which almost blocks the background rectifier channels of potassium current was used. gki and gk2 in cardiac Purkinje fibers, but the data concerning 181-linked delayed outward current in myocardial tissues show discrepancies (see DISCUSSION). Since GoTO et al. (1983) strongly suggested the participation of Isi in the change of I, in the bullfrog atrium, the relationships between the changes of 4, and 4 were investigated. Figure 5 shows the effects of isoproterenol (5 x 10-8 M) on the Japanese Journal of Physiology The relationships between the temporal changes of IF i and Ig after application of isoproterenol (10-7 M) are shown in Fig. 6 . In the constant presence of TTX (1.5 x 10-6 M) and Ba (3 x 10 M), the membrane potentials were held at -50 mV and the depolarizing pulses which activate both Isi and Ig were applied constantly at 60 sec intervals. The upper traces are an example of records obtained 2 min (Fig. 6a ), 4 min (Fig. 6b), 8 min (Fig. 6c) after the application of isoproterenol. The Isi increased with increase in the I, during depolarization, as well as the current tail after repolarization. The lower figure shows the relationships between the amplitudes of Isi and the current tail of Ig, in two different preparations. The plot indicates that the changes in I, are proportional to the changes in Isi in this potential range within the first 8 min. However, at a later time, little change was induced in Ig, despite a further increase in Isi. Similar results were obtained in two other experiments. Figure 7 shows the time dependency of the activation of I, in the constant presence of TTX and Ba. To ascertain the relationships between Isi and I~, the effects of isoproterenol and the slow channel blocker Co were compared. These two act on Isi in opposite directions. The depolarizing pulse of 30 mV from the holding potential of -60 mV activated both Isi and I~. Isoproterenol augmented the tail current of 4 as well as Isi and accelerated 4 activation. On the contrary, Co markedly depressed the tail current of 4 with the block of Isi and delayed the activation of 4. Figure 8 shows the voltage dependency of the activation of the 4 in the presence of TTX and Ba, and the effects of isoproterenol and the slow channel Vol. 34, No. 3, 1984 blockers Co or Mn are compared. To eliminate the effect of possible changes in surface charge (FRANKENHAEUSER and HODGKIN, 1957) , 2 mM Ca was replaced by 1.5 mM Co or 1.5 mM Mn. Thus, the surface charges in these three solutions were much the same (OHMORI and YosHu,1977) . In Fig. 8A , the peak amplitudes of the tail current of I. were plotted against the membrane voltage. Isoproterenol had no effect on the threshold voltage, and the augmentation of I, was prominent at the intermediate voltages of depolarization, as observed in the cases in normal Japanese Journal of Physiology Ringer solution. Co or Mn decreased the tail current at these voltages. Thus, for strong depolarizing pulses, the increase of I. by isoproterenol became less prominent, while with Co or Mn the activation curve tended to saturate at higher voltages. The normalized semi-steady state activation curves obtained from Fig.  8A are shown in Fig. 8B . Figure 8C shows the voltage dependency of the differences between the two normalized activations in the control and isoproterenol solutions (.) and between those in the control and Co containing solutions (o). These figures show that the effects of isoproterenol and slow channel blockers make a distinct contrast on the activation of I. for the intermediate voltages at which ISi is activated. These results strongly support the existence of an Isidependent outward current in the frog atrium. This current is increased with the increase of ISi by isoproterenol and decreased with the decrease by the slow channel blockers (Figs. 6 and 7) .
Effects of f3-agonists in the presence of Co
Whether or not 13-agonists act on Ix only via the increased ISi was then given attention and the effects of j9-agonists on the membrane currents in the constant Fig. 9 . Effects of isoproterenol on the membrane currents in the absence of the slow inward current. TTX (1.5 x 10-8 M) and Co (10_3 M) were present throughout. A, A', control responses; B, B', responses after application of 3 x 10_7 M isoproterenol. Depolarizing and hyperpolarizing pulses of 2.0 sec duration were applied with 10 mV and 15 mV steps and 60 sec intervals from a holding potential of -90 mV. Vertical calibrations are 100 mV and 2.0 ,iA and the horizontal one is 2.0 sec. C, the voltage-current relationships are plotted. Terminal current level for depolarizing pulses and initial current level for hyperpolarizing pulses were plotted. The inset shows the crossing of two curves in expanded current and voltage scales.
presence of Co (10-3 M) were examined. Figure 9A, A' , B, B' shows the currentvoltage relationships obtained before and after application of isoproterenol (3 x 10-7 M). Under these conditions, the I3. was all but eliminated (Fig. 9A) , and no increase of the current was observed even in the presence of isoproterenol (Fig.  9B ). The addition of the drug (Fig. 9B, B') , however, induced an outward shift of the holding current level and an increase of the Ib for hyperpolarization. The I, for large depolarizing pulses also increased considerably. The current-voltage relationships are plotted in the right graph (Fig. 9C) . The outward shift of the holding current level after isoproterenol and an augmentation of the anomalous rectification are apparent in the inset, and the plotted curves crossed each other at -97 mV, close to Ek (WALKER and LADLE, 1973) . These observations indicate that isoproterenol can increase Ik, and I, in the absence of I,,, thereby suggesting a more direct action of isoproterenol on the K-related currents. Figure 10 shows the effects of norepinephrine (5 x 10-g M) on the kinetics of the activation of Ig in the constant presence of Co (10-3 M). Figure 1OA A, time dependency of the peak amplitude of the tail current before (0) and after (•) application of norepinephrine (5 x 10' a M). A two-step clamp method was used, in which the first step was a depolarization of 100 mV and different duration (0.2-3.0 sec) and the second step pulse, 30 mV,10.0 sec. The holding potential was -80 mV. B, voltage dependency of the peak amplitudes of the tail current before (0) and after (•) application of norepinephrine (5 x 10'° M). The first test pulse was a depolarization of 2.0 sec and the amplitude was increased with 10 mV steps (-50-+40 mV) , and the second step pulse of 30 mV, 10.0 sec was followed. The holding potential was the same as above. Explanations are in the text.
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polarizations. These effects of j3-agonists were never induced in the presence of the ,8-blocker, propranolol (5 x 1O M). DISCUSSION 1. Effect of /3-agonists on the background currents. In the present study on the frog atrium, ~-agonists induced an increase of the background membrane conductance, and this increase appeared in a dose-dependent manner. Each I V relation curve crossed at about Ek level (Fig. 2B) . In the presence of Co, which was used to block Isi suspecting the effect of increased [Ca] 1 by the increased Isi on the K conductance (ISENBERG, 1977a, b) , similar results were obtained and isoproterenol augmented the anomalous rectification (Fig. 9C ). From these results it was proposed that /3-agonists directly increase the background 'k, currents. Recently, BOYDEN et al. (1983) and GADSBY (1983) noted that hyperpolarization was a direct action induced by ,9-agonists, something which has usually been attributed to the enhancement of the Na pump activity. They observed that R-agonists could induce a hyperpolarization in the canine coronary sinus and Purkinje fibers even after the inhibition of Na pump by acetylstrophanthidin and/ or K-free solution and that the reversal potentials of I V curves determined with and without the drugs vary with [K]0 as does Ek, and concluded that j3-agonists increased the K permeability directly, as did the cholinergic agonists. In the frog atrium as well, it is considered that 8-agonists induce a hyperpolarization mainly through the increased K permeability rather than via an activation of the electrogenic Na-K pump, since strophanthidin failed to abolish the hyperpolarization (unpublished observations) and a definite crossing of the I -V curves occurred nearly at Ek level, which is unusual with the Na-K pump.
2. Effect of l3-agonists on the delayed outward current. MEECH (1972) first observed the Ca-activated increase of K permeability in Aplysia nerve cells. Studies on Ca-activated K currents have been performed at the single channel level in neurons, smooth muscle, chromaffin cells, and skeletal muscle (MEECH, 1974 (MEECH, , 1978 THOMPSON, 1977; MIRONNEAU and SAVINEAU, 1980; MARTY, 1981; BARRETT et al., 1982) . In cardiac tissues also, ISENBERG (1977a, b) showed the evidence of the Ca-activated K conductance in sheep Purkinje fibers. SIEGELBAUM et al. (1977) and SIEGELBAUM and TSIEN (1980) observed that the transient outward current in calf Purkinje fiber was activated by intracellular Ca, and CoRABOEUF and CARMELIET (1982) also found that one component of the transient outward current in sheep Purkinje fiber was a Ca-activated current. In the rabbit S-A node, noted close relationships between the slow inward current (Is;) and the time-dependent outward current ('k). GoTo et al. (1983) confirmed the existence of the Ca-related outward current in the frog atrium (GoTo et al., , 1983 URATA and GoTo, 1982) . They classified the current into Ca-linked 'k,, 131-dependent 'out' and 41-independent but [Ca]o-related 'out• The present results with the frog atrium showed linear relationships between ISi and I, (Fig. 6 ) and opposite actions on I, of the j3-agonists and the slow channel blockers (Figs. 7 and 8) . These results reconfirmed the existence of 151-dependent 'out in frog atrium and simultaneously revealed that 3-agonists enhanced I, through the increased ISi. Thus, it is expected in view of 151-dependent lout that Ig is more strongly activated in the intermediate voltages in which ISi is activated than in other voltages. This is supported by the result that in the presence of the slow channel blocker the marked change of I~ in the intermediate voltage did not appear (Fig. l0) .
The kinetics of the activation of I~ reported by BROWN and NOBLE (1974) , PAPPANO and CARMELIET (1979), and WIEGERS (1982) were not altered by 3-agonists, but the present results showed an apparent change in the kinetics. It is considered that in normal solution, the increased ISi as well as the increased K accumulation caused by the increased 'b and I, affected the kinetics of I activation (Figs. 3 and 4) , and in the solution containing Ba, mostly the former affected it (Figs. 7 and 8) . The discrepancy between the previous reports and the present results may be related to differences in species or experimental conditions. In their experiments rather weak depolarizing pulses of only +5-+ 10 mY were applied, while in the present study pulses of X30-+40 mY were applied. As well, one of them examined the activation of I, in the presence of Nat EDTA. KASS and TSIEN (1975) observed that not only the Ca antagonists, Mn, La, and D-600, but also elevating [Ca]0 decreased I~ in Purkinje fibers, and concluded that the effects on I, were induced by changes in the surface charge. The experiments on frog atrium regarding the surface charge effects (Fig. 8) , however, showed again the close relationships between ISi and I~. On the calf Purkinje fibers, KASS and WIEGERS (1982) ruled out the enhancement of Ix via the increased 'Sip since norepinephrine yet increased I, in the presence of D-600. Similar results were obtained with Co by HIND (1982) on the guinea pig papillary muscle. The increase of I~ was also found in the presence of Co on the frog atrium (Figs. 9 and l0), but it was considered that j3-agonists acted on '~ by two different mechanisms, one related to lis and the other not. These two mechanisms possibly acted via j3-receptor, since j3-agonists had no effect on I, in the presence of j3-blocker. 
